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Abstract: 
PbTiO3 has the highest tetragonal distortion (c/a∼1.064) and highest spontaneous 
polarization among perovskite titanates. But, it is hazardous and hence one needs to reduce Pb 
content by substituting or reducing Pb content for use in applications. Pb(1-x)(K0.5Sm0.5)xTiO3 
(0≤x≤0.5) perovskite powders were synthesized by sol-gel process, where Pb2+ was replaced by 
a combination of K
+1
0.5Sm
+3
0.5 (equivalent charge and comparable ionic radius) providing an 
excellent substitution model to study changes in structural and electrical properties. Vibrational 
properties and dielectric properties are modified with substitution. A polar tetragonal to a nearly 
nonpolar cubic phase transition decreases to lower temperatures with substitution due to reduces 
the lattice strain with substitution. Ferroelectricity is retained even for x=0.5, which has a nearly 
cubic phase and makes the material technologically important.      
 
1. Introduction 
Properties like ferroelectricity, piezoelectricity, and pyroelectricity were discovered in 
perovskite ABO3 compounds. Ferroelectrics are used in energy conversion devices, ultrasonic 
medical diagnostic apparatus, ultrasonic non-destructive detectors, pyroelectric infrared sensors 
and magnetoelectric sensors [1-3]. PbTiO3 is a ABO3 perovskite, a dominant ferroelectric 
material used in sensors, actuators, capacitors, nonvolatile memories, ultrasonic transducers, high 
piezoelectric, electromechanical and electro-optic properties etc.[4-5]. PbTiO3 has a structural 
phase transition from tetragonal (P4mm) to cubic (Pm3m) at 763K. It has a highly strained lattice 
due to strong orbital hybridization and subsequent non-centrosymmetric lattice distortion. 
Among the perovskites, PbTiO3 has the highest tetragonal distortion (c/a∼1.064) which makes it 
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significantly more ferroelectric with highest spontaneous polarization [6-7]. But, PbTiO3 not 
being an environmental friendly material due to high toxic nature of Pb, there is a necessity to 
reduce Pb content in applications from safety and health concerns. Substituted PbTiO3 
compounds have been explored to investigate the science and applicability of these materials. A 
few such ferroelectric ceramics materials are Pb(Mg1/3Nb2/3)O3-xPbTiO3, 
Ba(Mg1/3Nb2/3)O3−xPbTiO3, Ba(Zn1/3Nb2/3)O3−xPbTiO3, Ba(Yb1/2Nb1/2)O3−xPbTiO3, 
Ba(Sc1/2Nb1/2)O3−xPbTiO3, BaSnO3−xPbTiO3, (1−x)PbTiO3–xBi(Zn1/2Ti1/2)O3,(1−x)PbTiO3–
xBi(Ni1/2Ti1/2)O3 and (1− x)PbTiO3–xBiFeO3 etc. [8-13]. By making isovalent or hetero-valent 
substitution on Pb
2+
 site, lattice anisotropy is reduced. A polar tetragonal to nonpolar cubic 
phase transition decreases to lower temperatures mostly decreases with substitution as most 
substitution reduces the lattice strain. Also the phase transition gets diffused due to cumulative 
structural transition resulting from the different TC for localized region in given system, resulting 
in a broad peak with temperature in dielectric response rather than sharp peak in normal 
ferroelectric [14-16].  
  A combination of K
+1
0.5Sm
+3
0.5 provides the same charge and a comparable ionic radius 
as compared to Pb
2+
. Thus this combination may provide an excellent substitution model 
enabling a detailed study of changes in the physical properties. In this study we report for the 
first time a new series, Pb(1-x)(K0.5Sm0.5)xTiO3  (0≤x≤0.50). Detailed studies of the structure, 
vibrational, dielectric and ferroelectric properties are analyzed.  
 
2. Materials and methods 
 
Sol-gel processed polycrystalline Pb(1-x)(K0.5Sm0.5)xTiO3 (0≤x≤0.5) (PKST) ceramics were 
prepared using hydrated Lead (II) nitrate (Pb(NO3)2), Potassium nitrate (KNO3), Samarium oxide 
and Titanium(IV) bis(ammonium lactato) dihydroxide (TALH) solution as precursors with 
purity>99.999% (Alfa Aesar, Puratronic grade). Sm2O3 was dissolved in dilute HNO3. TALH, 
Pb(NO3)2 and KNO3 were dissolved in double distilled water. Sm and Ti solutions were mixed 
together and thereafter the K solution was added to form a mixed solution of Sm, Ti and K and 
stirred for a while. The Pb solution was added to this combined solution. A solution of citric acid 
and ethylene glycol of 1:1 molar ratio was prepared in a separate beaker as gel former and was 
thereafter added to the mixture. Appropriate amount of ammonium hydroxide was added to the 
solution to maintain a pH=8.5. The resultant sols were vigorously stirred and heated at ~85
o
C on 
a hot plate to form gels. The gels were burnt to form black powders. To de-carbonate and de-
nitrate, these powders were heated at 500
o
C for 12h.  
Pellets (diameter~10mm; thickness~1.5mm) were prepared by uni-axially pressing the 
carefully grinded powders mixed with a binder PVA solution.  The pellets were sintered at 600
o
C 
for 6h to burn the binder followed by another heating at 1050
o
C for 6h to form mechanically 
dense pellets. Densities of the samples were estimated from the weights and dimensions of the 
pellets. The theoretical densities were also estimated using formula weight and volume of unit 
cells calculated from the refined lattice parameters of the samples. Relative densities range from 
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~ 93%, 94%, 95%, 95%, 95%, 92%, and 91% for compositions with x=0.06, 0.09, 0.12, 0.18, 
0.25, 0.37, and 0.50, respectively.   
X-ray diffraction (XRD) was performed using Bruker D2 Phaser x-ray Diffractometer to 
ensure the phase formation and purity of the sintered samples. Raman spectroscopy was 
performed using a Czerny-Turner type achromatic spectrograph with spectral resolution of 0.4 
cm
-1
/pixel and excitation of 632.8nm. Microstructure and the grain size analysis of the sintered 
pellets were investigated by Supra55 Zeiss field emission scanning electron microscope.  
Electrodes were prepared using silver paste painted on both sides of the sintered pellet. Silver 
coated pellets were cured at 550
o
C for 10 minutes. Before doing the measurement, we heated the 
samples at 200
o
C for 10 minutes to avoid any moisture content. 
A Newtons 4
th
 LTD PSM 1735 LCR meter was used to study the dielectric properties. 
Ferroelectric (P-E) studies were carried out by ferroelectric loop (P-E) tracer (M/s Radiant 
Instruments, USA). During the ferroelectric measurements, the samples were immersed in 
silicone oil to prevent electric arcing, at high applied voltages.  
 
3. Results and discussion 
3.1 Structural properties     
X-ray powder diffraction (XRD) patterns of the PKST powders with 0≤x≤0.5, were 
analyzed after crushing the pellets sintered at 1050
o
C. The XRD patterns are shown in Figure 1a. 
With increasing substitution, the separation between the <001> and <100> peaks reduces. All the 
compositions belong to a tetragonal space group P4mm phase. A very weak PbTiO3 I4/m space 
group contribution is also observed [Figure 1a]. A Le Bail profile fitting of the XRD data was 
done with Topas3.2 software to estimate the lattice parameters. The goodness of the fitting for 
x=0.06 is shown in Figure 1d. Lattice parameter ‘c’ decreases with increasing composition x, 
while ‘a’ is almost constant (Figure 1b). Hence the c/a ratio decreases to ~1 for x=0.5 (Figure 
1c). The variation of lattice parameters with composition is also a signature of proper 
substitution of Pb by K/Sm. 
[4] 
 
   
Figure 1: (a) X-ray powder diffraction patterns of Pb(1-x)(K0.5Sm0.5)xTiO3 samples, (b) Lattice 
parameters, (c) tetragonal strain, c/a ratio  at room temperature. (d) Le Bail profile fitting of Pb(1-
x)(K0.5Sm0.5)xTiO3 for x=0.06 composition where the crosses are observed data points, the solid 
line is calculated data and line below is the difference between observed and calculated data. The 
vertical bars are the Bragg position of the reflection in the P4mm space group. 
 
In perovskite ABO3 samples, tolerance factor is a quantitative measure of the mismatch 
between the bonding requirements of A and B-site cations and subsequently reflects structural 
distortions such as rotation/tilt of the B-octahedral. Lattice stability and distortion of crystal 
structures are related to this mismatch [17] and hence can be estimated from the tolerance factor 
(t), given by,  
  
       
         
      (1) 
where, RA, RB and RO are the radii of A and B-site ions and O ions, respectively. Since the 
average A-site ionic radii of the substituent are lesser compared to Pb, tilt as well as non-
centrosymmetric distortion will reduce. The merging peaks in the XRD data indicate a 
transformation from non-centrosymmetric to centrosymmetric structure [18-19]. The tolerance 
factor of the PKST samples decreases from 1.019 as in x=0 to 0.988 for x=0.5, also the strain 
decreases with increasing substitution. 
Room temperature Raman spectroscopy [Figure 2] was done to qualitatively assess 
retention of domain structure, defects and structural distortions and thereby understand 
deformations and lattice strains associated with substitution in PKST. All the observed modes 
belongs to pure PbTiO3 having tetragonal space group symmetry (   
 ) with 12 optical modes 
attributed to three A1-symmetry modes, eight E-symmetry modes (Four degenerate pairs) and a 
B1-symmetry mode [21-22].  
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 Figure 2: (Left) Raman spectra of Pb(1-x)(K0.5Sm0.5)xTiO3 samples at room temperature. (Right) 
Cartoon shows different modes and their related vibration type [20].  
 
Intensity of the A1(1TO), A1(2TO) and A1(3TO) reduces with increasing substitution. 
Among the A1 modes the most intense mode is A1(1TO). This mode merges with the E(1TO) 
mode to form the T1u mode in the cubic form. The A1(1TO) mode is due to oscillations of the Ti-
octahedra (i.e. Ti and O together) relative to Pb ions [23]. This mode does not soften much but 
nearly vanishes after x=0.09 and reappears again for 0.25≤x≤0.5. The A1(2TO) mode is due to 
oscillations of the Ti ion relative to O and Pb ions. This mode softens nominally until x=0.09 but 
thereafter drastically softens to merge with the E(2TO) mode in x=0.5. A similar but less drastic 
trend is observed for the A1(3TO) mode, in which the Ti ions and the apical O ions together form 
a chain and vibrates along the c-axis with respect to the Pb and the other O atoms. From all these 
three modes it is understood that relative motion between the Pb, Ti and O ions reduces along the 
c-axis with substitution. The tetragonal PbTiO3 is a strained lattice. The strain originates from a 
very strong hybridization between Pb(6s
2
)-O(2p) and also due to a moderate Ti(3d)-O(2p) 
hybridization [2, 24]. As a result of substitution of Pb by K/Sm, we expect a reduction of the 
strong Pb(6s
2
)-O(2p) bond. This reduction in the strength of the bond reduces energy of 
vibration which is reflected in the softening of the A1(2TO). Such a reduction in energy in the 
A1(1TO) mode is not observed as in this mode, the A-site is freely oscillating with respect to the 
Ti-O octahedron. However the lesser number of oscillators reduce the intensity of A1(1TO) and 
A1(2TO). Note that the E(3TO) mode gains energy with the substitution. The lower mass of K/Sm 
compared to Pb may be a reason for the same. 
The most noticeable significance of the Raman measurement is that even at x=0.50 we 
observe all the modes where from XRD c/a ~1. Such an observation hints at the fact that a 
remnant strain which may or may not be related to the tetragonal structure is retained in the high 
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x samples. In the cubic mode, pure PbTiO3 does not have any Raman mode, as all the A1(TO) 
and E(TO) modes merge and vanish gradually at the phase transition [20]. 
 
Figure 3. Microstructure analysis of fractured surface of Pb(1-x)(K0.5Sm0.5)xTiO3 samples, (a) 
x=0.06, (b) x=0.09, (c) x=0.12, (d) x=0.18, (e) x=0.25, (f) x=0.37, and (g) x=0.50 compositions.  
Fractured surface FESEM images of PKST ceramic samples are recorded in 0.06≤x≤0.50 
range (Figure 3). Grains are closely packed in all the samples. The average grain size calculated 
from the FESEM is 1.19±0.53 µm for the composition with x=0.06 which decreases to 0.98±0.37 
µm for x=0.50. The average grain size seams to decrease nominally with increasing K/Sm 
substitution. This behavior could be attributed to lower diffusivity of rare earth during sintering. 
Similar behavior has been observed in other rare earth doped perovskites and layered perovskites 
[25-26]. 
  
3.2 Dielectric properties  
Room temperature (RT) dielectric properties were measured as a function of frequency 
for PKST (0.06≤x≤0.50). As shown in Figure 4a and Figure 1S, with increasing frequency the 
value of dielectric constant (′) and loss (tan) decrease at low frequency range (100 Hz to 10 
kHz) and remains almost constant in high frequency region. Space charge polarization may 
contribute to higher values of dielectric constant. We observe that with increasing substitution, 
the value of ′ of PKST ceramics increases exponentially [Figure 4b]. This behavior of ′ at room 
temperature and similar trend in tan can be attributed to the higher dipolar polarizability of 
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K/Sm than Pb [27-28]. For x=0.50, ′ increases rapidly probably due to its near room temperature 
phase transition.  
 Figure 4: (a) Frequency dependence of dielectric constant of Pb(1-x)(K0.5Sm0.5)xTiO3, (b) 
composition dependence of high frequency dielectric constant at room temperature;(c) Phase 
transition temperature (Tm) and degree of diffusivity (γ) with composition x; (d-j) Permittivity 
data for high frequency as a function of temperature for PKST samples; (k-q) linear fitting of 
ln[(1/  )-(1/   m)] verses ln(T-Tm) (modified Curie-Weiss law) at 1MHz, solid lines representing 
the fitted data.  
  
To study the phase transition in PKST and other dielectric properties, capacitance and 
dielectric loss factor were measured over the temperature range of 300K – 773K at various 
frequencies in 1 kHz –1 MHz range. It was quite difficult to fabricate a pure phase, sufficiently 
dense and mechanically robust PbTiO3 pellet. Hence, dielectric properties of PbTiO3 phase were 
not investigated.  
Pure PbTiO3 undergoes a sharp ferroelectric to paraelectric transition accompanied by a 
structural transition from polar tetragonal to non-polar cubic phase [29].  In such ferroelectrics, 
we observe maxima in the ′-T data, associated with this phase transition. For PbTiO3 the 
reported phase transition temperature is around 763 K (Curie temperature). In the PKST samples 
this phase transition temperature (Tm) varies from 680K for x=0.06 to 341 K as in x=0.50. Note 
that the transition temperature is not frequency dependent; thereby the samples are not relaxors.  
The phase transition temperature approximately decreases linearly with substitution. 
[Figure 4c] The Pb 6s
2
 lone pair helps in stabilizing the tetragonal strain (~ 6%) in PbTiO3 [30]. 
We have shown from our XRD and Raman analysis that with increasing substitutions the 
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tetragonal strain is relieved in PKST. The reduction of non-centrosymmetric distortion reduces 
with substitution thereby requiring lesser thermal energy to achieve centrosymmetric cubic 
structure. Therefore with increasing x, phase transition temperature decreases. Similar trend has 
been observed in other perovskite related ferroelectrics [31]. 
Another feature in [Figure 4d to 4j] is an apparent increase in diffuseness of peak in ′-T 
plots. Diffuse phase transition is usually observed in perovskites with random distribution of 
different types of ions on structurally identical sites in lattice. It must be noted that diffuse phase 
transition exhibit a broad change of structure and properties at the Curie point compared to a 
sharp peak in normal ferroelectric materials [32-34]; consequently, the phase transition 
characteristics of such materials are known to diverge from the characteristic of Curie-Weiss 
behavior and can be described by a modified Curie-Weiss formula [35-36].   
                                           
  
 
 
  
   
        
                                                              (2) 
Where, C is Curie-Weiss constant and γ (1≤γ≤2) gives the degree of diffuseness. A value 
of γ = 2 describes an ideal diffuse phase transition. The degree of diffuseness was calculated by 
the least-square linear fitting of ln (  
  
  
  
 ) versus ln (T-Tm) curves at a frequency of 1 MHz of 
PKST ceramics. The slope of linear fit, was found to increase from 1.136±0.007 for x=0.06 to 
1.693±0.019 for x=0.50 indicating a significant increase in diffuseness of phase transition in 
doped samples (Figure 4c). Compositional disorder arising due to the random distribution of K
+
 
and Sm
3+ 
seems to be responsible for observed diffuse phase transition in PKST ceramics. 
Impedance spectroscopy enables to determine the various contributions to dielectric 
constant, such as grain, grain boundaries and electrode effect [37]. Impedance of such type of 
system can be described by the Cole-Cole equation [38] 
                           
  
          
                                                            (3) 
The real (Z') and imaginary (Z") parts of impedance can be written in the following manner: 
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                                          (5) 
with Cole-Cole parameter, α=2θ/π being a measure of distribution of relaxation time, =RC, 
related to the resistance R and capacitance C associated with grain. 
[9] 
 
 
Figure 5: (Left) Nyquist plots of Pb(1-x)(K0.5Sm0.5)xTiO3 samples at 743K, (Right) resistance and 
time constant (), extracted from fitting of Nyquist-plots by Cole-Cole equation for all samples. 
 
The imaginary, Z" (capacitive) and the real, Z' (resistive) impedances are plotted in 
Figure 5. Capacitance due to grain boundary contribution is generally much higher than that of 
grain [37]. This may be due to grains having less resistance than grain boundary. In the Nyquist 
plot these effects are generally observed as three semicircles; the first smaller one belonging to 
grain, second grain boundary followed by the electrode contribution. Our results show only one 
semicircle. This contribution seems to be from the grain as the semicircle starts from origin (high 
frequency regime) and at high frequency we have observed a steady dielectric constant. Note 
that, it may possible due to less resistance at grain boundary, its effect suppresses and merge with 
grain effect. Also note that the resistance of the sample has increased with substitution figure 5 ( 
Right). The increasing resistance is an indication of better charge retention properties, enhancing 
the capability of being a polarizable material.  
 
3.3 Ferroelectric properties  
For 0.06≤x≤0.37 the structure is elongated tetragonal type and a strained lattice is 
expected result in spontaneous polarization. It is to be noted that the tetragonality decreases with 
substitution until x=0.5 where the phase is cubic-like. This hints at reducing ferroelectricity with 
substitution. Also, the Raman modes broadens with increasing x hinting at dispersed vibrational 
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motion of the phonons. The A1(1TO) mode is related to the vibration and distortion of the Ti-O 
bonds and thereby to ferroelectricity. The mode sustains for all samples although getting 
diminished with substitution. The dielectric properties show shifting of phase transition towards 
lower temperatures with increasing x, suggesting existence of ferroelectricity at room 
temperature.  
 
Figure 6: Polarization and instantaneous current versus electric field of Pb(1-
x)(K0.5Sm0.5)xTiO3 samples, (a) x=0.06 (b) x=0.12 (c) x=0.18 (d) x=0.25 (e) x=0.37 (f) x=0.50. 
The electric field dependent polarization (P–E hysteresis) and instantaneous current (I–E 
hysteresis) at 1 Hz frequency have been reported for all the compositions. For 0.06≤x≤0.12, P-E 
hysteresis loops [Figure 6] appears to be lossy dielectric type [39] rather than typical 
ferroelectric. Also, no signature of domain switching is observed in I-E data for x≤0.12 (Figure 
6). The leaky, lossy nature may be due to comparatively lower resistances of the lesser modified 
samples (observed from impedance studies). For x>0.12, the leaky nature decreases and proper 
hysteresis P-E loops were observed. For x=0.5, it is expect a non-ferroelectric sample due to its 
cubic-like structure. However, we find a slim P-E loop with a weak I-E data. This hints at a 
nearly cubic structure for x=0.5. A detailed structural work needs to be done on this sample 
which is beyond the scope of this study. For a maximum applied field of 60 kV/cm the sample 
with x=0.25 shows highest apparent remnant polarization of 15.9 µC/cm
2
 and a coercive field of 
27.2 kV/cm. These values reduce with substitution to 2.97µC/cm
2
 and 6.91kV/cm in x=0.5 
composition. 
Improvement of ferroelectric properties at room temperature in PKST samples results 
from increase of resistive and capacitive properties. In PbTiO3, Pb and O vacancies are a 
common feature and results in non-stoichiometric samples mostly originating due to high 
volatility of Pb and subsequent O-vacancies due to missing Pb ions. By K/Sm substitution, Pb 
content is less, thereby evaporation of volatile matter is reduced. Therefore, Pb vacancies and 
resultant oxygen vacancies are reduced resulting in more stoichiometric samples. Although K is 
also volatile, the charge of the K ion is lesser than the Pb ion and hence O vacancies will be 
[11] 
 
lesser. Vacancies play a very important role and enhance the conductivity of materials [40-45]. 
The defect structure can be represented by the Kröger–Vink notation [46]:  
    
  +  
  ↔ PbO (↑) +    
   +   
                                                          (6) 
   
  +  
  ↔ K2O (↑) +    
  +   
                                                            (7) 
Oxygen vacancies in perovskites can contribute to transport by migration from one site to 
another along the direction of applied high electric field increasing mobility and accumulate in 
the places with low free energy, such as domain walls and interfaces with electrodes. 
Accumulation of these oxygen vacancies at the domain boundary causes domain pinning. This 
restricts polarization switching [47]. 
4. Conclusion 
(K0.5Sm0.5) substituted PbTiO3 ceramic samples were synthesized by sol-gel process. X-
ray diffraction confirmed a tetragonal P4mm phase. Lattice parameter ‘c’ decreases with 
increasing composition x, while ‘a’ is almost constant. Raman spectroscopy shows changes in 
intensity and energy of phonon modes related to tetragonal-cubic phase transformations and 
lattice strain with ferroelectric property. The lower mass of K/Sm compared to Pb may be a 
reason for such changes. However, in spite of the tetragonal- near cubic transformation the 
existence of Raman modes even for x=0.50 hints at the fact that either some local tetragonality is 
retained or some other phenomenon apart from a tetragonal structure generates strain which can 
be attributed to the remnant polarization for x=0.5 sample. High temperature dielectric study was 
clearly indicates a dielectric phase transition which moves towards lower temperature with 
increasing substitution. The diffuseness of the phase transition increases with substitution due to 
compositional disorder arising due to the random distribution of K
+
/Sm
3+
.As a result we find 
changes in ferroelectric property which is for lower substitutions not much of significance due to 
the leaky nature but with increasing resistance becomes more effective and promising as a 
ferroelectric. However the remnant polarization decreases with substitution probably due to 
reduction in tetragonality.  
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